A rapidly-labeled RNA fraction can be isolated from hen oviduct polysomes that has characteristics of the messenger RNA (mRNA) for the cell-specific protein, ovalbumin. This RNA, which sediments in the 8-17S region of sucrose gradients, possesses properties suggestive of the presence of a polyadenylic acid sequence and can be translated with fidelity in a cell-free protein synthesizing system derived from rabbit reticulocytes. The identity of the protein product as ovalbumin is confirmed by three methods, and translation of ovalbumin mRNA is shown to be dependent both on amount of exogenous mRNA and incubation time. Both rate and extent of ovalbumin synthesis is enhanced by the addition of a protein extract from ribosomes that contains peptide chain initiation factors. Finally, the presence of this specific mRNA is shown to be estrogen-dependent: it is induced by estrogen administration to immature chicks, disappears upon cessation of estrogen treatment, and can be reinduced by a single injection of estrogen to chicks that have been pretreated with estrogen and then withdrawn from the hormone.
methods, and translation of ovalbumin mRNA is shown to be dependent both on amount of exogenous mRNA and incubation time. Both rate and extent of ovalbumin synthesis is enhanced by the addition of a protein extract from ribosomes that contains peptide chain initiation factors. Finally, the presence of this specific mRNA is shown to be estrogen-dependent: it is induced by estrogen administration to immature chicks, disappears upon cessation of estrogen treatment, and can be reinduced by a single injection of estrogen to chicks that have been pretreated with estrogen and then withdrawn from the hormone.
The cell-specific synthesis of ovalbumin serves as a characteristic biochemical marker for the estrogen-dependent differentiation of the chick oviduct (1) (2) (3) . Studies to date have shown that estrogen induces changes in the pattern of synthesis of nuclear RNA before appearance of ovalbumin in the tissue (3) (4) (5) . These observations are consistent with a hormone-regulated expression of the ovalbumin gene. However, the only direct assessment of messenger RNA (mRNA) is the ability of an RNA fraction to support the de novo synthesis of a specific protein in an in vitro translation system. Recently, rabbit reticulocyte lysate has been used successfully for this purpose by several laboratories, including our own (6) (7) (8) . We now report data demonstrating that an 8-17S fraction of RNA isolated from oviduct polysomes contains the mRNA for ovalbumin that can be translated with fidelity in the reticulocyte system. Synthesis of ovalbumin in vitro shows a linear dependence on the amount of exogenous mRNA and is stimulated by addition of translation factors required for initiation of protein synthesis. Finally, the presence of the ovalbumin mRNA will be demonstrated to be directly dependent upon the degree of estrogen stimulation of the oviduct.
MATERIALS AND METHODS
Animals. Immature Isolation of Polysomes. Polyribosomes were isolated from chick oviduct as described. Fractionation of isolated polysomes on sucrose gradient has also been described (9, 10) . For experiments with rapidly labeled polysomal RNA, oviduct was incubated in Eagle's minimal medium (1 ml/g) that contained [3H]cytidine (50 MCi/ml; 24.0 Ci/mmol) and [3H]-adenosine (50 ,Ci/ml; 27.4 Ci/mmol). Incubation was performed at 370 for 1 hr. Flasks were shaken under an atmosphere of 95% 02-5% C02 throughout the incubation period.
Polysomes were then isolated from the oviduct tissue (9, 10) .
Isolation of Polysomal RNA. Oviduct polysomes were suspended in a buffer containing 5 mM Tris-HCl (pH 7.6), 5 mM MgCl2, and 0.5% sodium dodecyl sulfate (SDS) at a final concentration of 150 A260/ml. Polysomal RNA fractions were then extracted and isolated by sucrose gradient centrifugation (11 (Ra,) for 2 hr. The supernatant fluid was removed and dialyzed overnight against 20 mM KPO4 (pH 7.0). Electrophoresis on 7.5% polyacrylamide gels and the manner of determining radioactivity has been described (9). Acrylamide-SDS Gel Electrophoresis. The antibody-antigen pellet was dissolved in 50 ,ul of a solution containing 10 mM dithiothreitol and 1% (w/v) SDS. Authentic [3Hjovalbumin (100 ug) prepared in our laboratory (13) was also added. We solubilized this mixture by heating to 700 for 2 min. After addition of 25,ul of 50% sucrose containing 1% bromphenol blue, electrophoresis was performed on SDS-acrylamide gels at pH 7.0 as described by Weber and Osborn (14) . Gels were sliced at 1-mm intervals and radioactivity was determined (9) .
Carboxycellulose Chromatography. The antibody-antigen precipitates from five reaction tubes were pooled, and 5.0 mg ovalbumin (Pentex) was added. Pellets were dissolved in 2 ml of 5 M NaCl for 1 hr at 22°. This mixture was then dialyzed overnight against three changes of 0.1 M NH4OAc buffer (pH 3.8). The sample was then applied to a carboxymethyl cellulose column equilibrated with the buffer at pH 3.8 and eluted with stepwise increases in the pH of the NH4OAc buffer as described by Rhodes et al. (13) . 5-ml Fractions were collected and 2 ml of each was counted in Spectrofluortoluene: Triton X-100 (2: 1, v/v). RESULTS
A typical poiysome profile obtained from hen oviduct is shown in Fig. 1A . Several peaks of absorbancy at 254 nm can be seen, each representing a particular species of polysome (9, 10) . When oviduct is incubated with [3H]cytidine and
[3H]adenosine for 1 hr before polysome isolation, the radioactivity is found to be associated primarily with the heavier region of the polysome gradient (Fig. 1A) . Extraction of these polysomes with SDS (11), followed by centrifugation on a 10-30% sucrose gradient, reveals that most of the radioactivity migrates on the light side of the 18S ribosomal RNA peak (Fig. 1B) . Fig. 1C shows the radioactivity profile when the 8-17S fraction of RNA collected from the gradients (see Fig. 1B ) is again centrifuged on 5-20% sucrose gradients.
The radioactivity sediments as a single broad peak between the 4 S and 18 S marker RNAs.
Most of the radioactivity present in the 8-17S RNA fraction of the oviduct is retained on Millipore filters (Table  1) . On the other hand little L-cell ribosomal RNA or oviduct 4S RNA is retained. When these filters are treated with RNase and then thoroughly washed, about 25% of the radioactivity in the 8-17S RNA fraction remains on the filter. Extraction of the RNase-resistant material with SDS and centrifugation on 5-20% sucrose-SDS gradients reveals that the radioactivity now exists in the greater than 4S region of the gradients (Fig. 1D) . This material can be compared with the 8-17S fraction eluted from filters but not treated with RNase. Binding and subsequent elution from the filter does not alter the sedimentation characteristics of the 8-17S RNA fraction (see Fig. 1,C and D) . These data are consistent with the presence in the 8-17S RNA fraction of a sequence of polyadenylic acid (15) .
Incubation of the reticulocyte lysate with [14C]valine, removal of the ribosomes, and electrophoresis of the supernatant fluid on 7.5% polyacrylamide gels yields a single major radioactive peak (Fig. 2A) . Moreover, this peak is coincident with authentic hemoglobin marker. On the other 1yProc. Nat. Acad. Sci. USA 69 (1972) polysomes during the incubation period on 7.5% acrylamide gels (9) . No oviduct RNA was added. Hb, OV, and BPB stand for the location of hemoglobin, ovalbumin, and bromphenol blue standards, respectively. (B) Same as A, but 100 Ag of hen oviduct RNA was present in the incubation. Note presence of peak of radioactivity coincident with authentic ovalbumin. (C) Electrophoresis of the solubilized product of the antiovalbumin precipitation reaction on SDS-acrylamide gels (14) . Solid line (3H) represents authentic labeled ovalbumin; dotted line (1iC) is radioactivity from the antiovalbumin reaction product. (D) Elution profile of ovalbumin applied to a carboxymethyl cellulose column (13) . Details are described in Methods. Solid line, A280; dotted line, cpm. According to the nomenclature of Rhodes et al. (13) , peak I is ovalbumin Al and peak 2 is ovalbumin All. The mass and radioactivity recovered from the column in fractions 49-50 (All) could be quantitatively precipitated with antiovalbumin.
hand, when the reaction is performed in the presence of 100 gg of the 8-17S oviduct polysomal RNA, a second and much smaller peak appears (Fig. 2B) . This peak, which comprises about 7% of the released acid-precipitable radioactivity, migrates on the gel to a position identical with ovalbumin standard.
In order to confirm the identity of the new protein product resulting from addition of oviduct 8- 178 RNA as ovalbumin, we solubilized the antibody-antigen precipitate by heating in dithiothreitol after addition of authentic [3H]ovalbumin. This sample was subjected to electrophoresis on SDS-acrylamide gels, and the radioactivity profiles are shown in Fig.  2C . The 3H and 14C counts migrate as a single peak. Moreover, the radioactivity present in the [3H]ovalbumin and the 14C-labeled protein of the cell-free system coincide, indicating that, the major product present in the antiovalbumin complex is ovalbumin.
Finally the antiovalbumin-['4C]antigen complex was solubilized in 5 M NaCl and, after the addition of ovalbumin standard, it was subjected to chromatography on a carboxymethyl cellulose column. Fig. 2D demonstrates the bulk of the 14C is eluted from the column at pH 4.8 and is thus coincident with ovalbumin A,, as described by Rhodes et al. (13) . Moreover, it was possible to quantitatively precipitate the radioactive material recovered in the A11 peak with antiovalbumin serum.
The time course for the synthesis of oviduct mRNAdirected ovalbumin synthesis in the reticulocyte lysate is shown in Fig. 3 
16-day treated chicks are withdrawn from estrogen (W).
Finally, administration of estrogen to these withdrawn animals for 1, 2, and 4 days results in a progressive increase in the ability of the 8-17 S RNA fraction to direct the synthesis of ovalbumin in vitro.
DISCUSSION
These studies demonstrate that rapidly-labeled, heterodisperse polysomal RNA from differentiated oviduct contains (16, 17) . This poly(A) region may be a property of all mRNAs and allows these RNA fractions to bind to membrane filters, whereas other types of RNA will not bind (15, 18, 19 Proc. Nat. Acad. Si. USA 69 (197) filters and i's RNase-resistant (Table 1) . Furthermore, the RNase-resistant material sediments on sucrose gradients as a >4 S molecule. These data then suggest that the oviduct polysomal 8-17 S fraction of RNA may also contain a sequence of poly(A).
The rabbit reticulocyte lysate has been used by Stavnezer and Huang to synthesize immunoglobulin from a mRNA fraction isolated from a mouse plasma cell tumor (6). Rhoads et al. (7) and our own laboratory (8) have used such a system to synthesize ovalbumin from RNA extracted from hen oviduct and estrogen-stimulated chick oviduct, respectively. The identity of ovalbumin as the product was confirmed by Rhoads et al. (7), using SDS-gel electrophoresis and Dowex column profile of a tryptic digest of the antiovalbumin precipitated reaction product. In the present studies we have used three methods to demonstrate that ovalbumin is synthesized in response to the addition of 8-17 S polysomal RNA from hen oviduct: (i) polyacrylamide gel electrophoresis of the peptides synthesized and released during incubation of the lysate; (ii) SDS-gel electrophoresis of the solubilized product of the antiovalbumin precipitin reaction; and (iii) cochromatography on a carboxymethyl cellulose column. These data then leave little doubt as to the authenticity of the product.
The oviduct mRNA-directed synthesis of ovalbumin is dependent both upon time of incubation and amount of message. Moreover the addition of an aliquot of a fraction (fraction I) prepared from-reticulocyte ribosomes which contain peptide chain initiation factors (12) stimulates both the rate and the extent of ovalbumin synthesis. At the end of a 60-min incubation, about 95% of the globin chains are free in the supernatant fraction whereas only about 50% of the ovalbumin chains have been released. In studies to be reported elsewhere it will be demonstrated that addition of fraction I results in an increased proportion of ovalbumin molecules completed.
The activity of ovalbumin mRNA is clearly dependent upon the hormonal state of the animal. Estrogen induces activity when administered to immature chicks and cessation of estrogen injections results in a disappearance of ovalbumin mRNA. Readministration of this hormone to animals withdrawn from estrogen causes, after a single injection, reappearance of the ovalbumin message as assayed by the cellfree synthesis of ovalbumin. The appearance of mRNA for ovalbumin is consistent with the other existing data concerning the sequence of events initiated by estrogen in the chick oviduct (1) (2) (3) (4) (5) 9 ). Moreover, these data then support the much abused hypothesis that steroid hormones can, in fact, act in target tissues to promote the accumulation of specific mRNA.
